Introduction {#s0001}
============

Anti-angiogenic therapies have emerged over the last few years as an important part of anti-cancer therapies. The main targets of clinically approved anti-angiogenic drugs are vascular endothelial growth factor (VEGF)-A and VEGF receptors (VEGFR). However, clinical experience shows that the efficacy of such therapies is limited due to overlapping and compensatory alternative angiogenic pathways which provide escape mechanisms.[@cit0001] Therefore, alternatives are needed to improve survival of cancer patients. A detailed understanding of the molecular and cellular mode of action of anti-VEGF/R therapies could provide a rationale for combination therapies with other targeted agents and chemotherapies. Recently, there has also been great interest in combining immunotherapies with anti-angiogenic therapy.[@cit0003] Knowledge from such studies would facilitate the optimization of treatment schedules[@cit0004] and support research activities focused on identifying biomarkers to predict which patients will benefit from anti-VEGF therapy.[@cit0005]

One mechanism to circumvent resistance concentrates on the up-regulation of other pro-angiogenic factors. In preclinical models it has been demonstrated that tumor cells can bypass endogenous angiogenesis inhibitors by up-regulating Ang-2.[@cit0006] More importantly, preclinical and clinical anti-VEGF-A treatment induces upregulation of Ang-2.[@cit0007] Thus, inhibition of Ang-2 suppresses growth of tumors in preclinical models and such treatments correlate with a reduction of tumor-associated blood vessels.[@cit0011] Consequently, Ang-2 is now considered a promising target in cancer patients.[@cit0018] Recently, it was demonstrated that the combined treatment of Ang-2 inhibition with an anti-VEGF-A antibody led to an almost complete inhibition of tumor growth.[@cit0019] With the advent of bispecific antibody engineering, it is now possible to combine 2 targeting molecules in one. Recently this technology was applied in 2 different approaches to neutralize VEGF-A and Ang-2 simultaneously.[@cit0008] Both bispecific antibodies, CVX-241 and Ang-2-VEGF-A CrossMab (RG7221, vanucizumab), suppressed tumor growth and reduced micro vessel density. In combination with chemotherapy, a synergistic effect on tumor volume was demonstrated. While CVX-241 is no longer in clinical development, vanucizumab is currently in Phase 2 clinical trials in direct comparison to bevacizumab in combination with chemotherapy (NCT02141295). Apart from providing pharmacoeconomic advantages by applying a bispecific antibody instead of a combination, Ang-2-VEGF bispecific antibodies also provide the advantage of blocking both pathways simultaneously from the beginning of therapy, and may thus avoid tumor escape mechanisms.

Here, we describe an alternative tetravalent bispecific antibody (TAvi6) targeting VEGF-A based on bevacizumab (Avastin®) that also targets Ang-2 by 2 disulfide-stabilized single-chain variable fragments (scFvs; LC06) fused to the C-terminus of the heavy chain of bevacizumab. TAvi6 was evaluated not only regarding its efficacy on tumor growth in different human xenografts, but also as second-line therapy in a model in which tumors have progressed under monotherapy with bevacizumab. More importantly, the effect of TAvi6 on metastasis was assessed. This issue has attracted considerable interest because recent preclinical studies suggest that adjuvant VEGF therapies may increase the risk of metastasis.[@cit0021] Finally, we monitored the effect of TAvi6 on vascular formation by a non-invasive optical imaging method after an intravenous (i.v.) injection of a fluorescence-labeled antibody against CD31.

Results {#s0002}
=======

TAvi6 production (purification), stability, formulation and CHO clone generation {#s0002-0001}
--------------------------------------------------------------------------------

Ang-2-VEGF-A-TAvi6 is an IgG1-like monoclonal antibody based on bevacizumab with an angiopoietin-binding scFv fused to the C-termini of the heavy chains ([Fig. 1A](#f0001){ref-type="fig"}). The scFv is derived from the parental antibody LC06, which selectively binds Ang2. It possesses a more than 100-fold lower affinity for Ang1 than for Ang2. Based on experiences with other bispecific IgG-scFv fusions, the C-terminal scFvs were connected via a (G~4~S)~4~ linker and were disulfide stabilized (Vh44-Vl100) to avoid dimerization and aggregation via daisy chains.[@cit0024] The bispecific antibody is stable and can be produced by transient expression with yields of about 60 mg/L. TAvi6 can be purified via industry-standard methods routinely used for conventional IgG antibodies and previously described for bispecific antibodies,[@cit0027] starting with a Protein A affinity chromatography step. Depending on the scale, either a size-exclusion or cation- and anion-exchange chromatography steps can be utilized to purify the antibody. The aggregation onset temperature was determined with 63°C. For the studies described here, transiently expressed TAvi6 was used, while for large scale production a stable Chinese hamster ovary (CHO) cell line with a volumetric productivity of ca 1.2 g/L was generated (data not shown). Figure 1.(A) Scheme of Ang-2-VEGF-A-TAvi6 tetravalent antibody. (B) Schematic representation of the SPR assay demonstrating the functional properties of TAvi6 and its ability for simultaneous and independent binding. Green: Ang-2 followed by VEGF, Magenta: VEGF followed by Ang-2, Blue: Buffer followed by Ang-2, Red: Buffer followed by VEGF.

The functionality of TAvi6 was assessed via surface plasmon resonance (SPR) experiments, as well as cell-based and cell-free functional assays. The dimeric and oligomeric nature of both ligands together with the bivalency of TAvi6 for the respective targets is a challenge and needs to be considered when interpreting the results. We used SPR experiments to determine the species cross-reactivity and the binding properties of both soluble ligands Ang2 and VEGF. One important feature of TAvi6 is its ability to bind both ligands simultaneously and independent of the order, as demonstrated by SPR ([Fig. 1B](#f0001){ref-type="fig"}). The affinities for Ang2 are in the low nM range and the Ang2 binding domain is cross-reactive toward cynomolgus monkey and the murine target. The VEGF binding domain does not cross-react with murine VEGF, which needs to be considered when interpreting in vivo experiments. The different affinities are summarized in [Table 1](#t0001){ref-type="table"}. Additional insights into the functional properties of the TAvi6 molecules come from the Ang2-Tie2 interaction ELISA and FACS assay, as well as the Tie2 phosphorylation assay ([Table 2](#t0002){ref-type="table"}). All assays indicated IC50 values in the low nM range and showed that the TAvi6 antibody is capable of blocking the interaction between Ang2 and Tie2. The VEGF-VEGFR interaction was analyzed with the VEGF-VEGFR interaction ELISA, as well as with the HUVEC proliferation assay. Both assays showed that the VEGF-VEGFR interaction was blocked by bevacizumab. We concluded that the functional properties of the parental antibodies are maintained in the TAvi6 molecule. Table 1.Affinities and cross-reactivity of TAvi6. human Target K~D~ \[nM\]Cynomolgus Target K~D~ \[nM\]Murine Target K~D~ \[nM\]Ang20.7\*1.2\*0.6\*VEGF\<0.1\*\<0.1\*no binding Table 2.Functional properties of TAvi6 in vitro.Ang2 blocking properties of TAvi6 Ang2 specific assaysIC50 \[nM\]hANGPT2-Tie2 interaction ELISAIC50 = 330 ng/ml (1--3 nM)hANGPT2-Tie2 ligand binding FACSIC50 = 330 ng/ml (1--3 nM)ANGPT2 induced Tie2 phosphorylationIC50 = 300-400 ng/ml (1--3 nM)VEGF blocking properties of TAvi6 hVEGF-VEGFR interaction ELISAIC50 = 2830 ng/ml (13.9 nM)VEGF induced HUVEC proliferation IC50= 640 ng/ml (3 nM)[^1]

Single dose pharmacokinetic (PK) studies in non-tumor-bearing mice showed that TAvi6 possessed typical IgG1 like PK properties with a terminal half-life of 163h, clearance of 0.0058mL/min/kg and a distribution volume of 0.0775 L/kg. Subsequently, TAvi6 was tested in different in vivo xenograft models in comparison to the respective parental antibodies bevacizumab and LC06 and the combination thereof. Its biological properties in in vivo angiogenesis and tumor models are described below.

TAvi6 inhibits human VEGF-A induced angiogenesis in mouse cornea micropocket assay {#s0002-0002}
----------------------------------------------------------------------------------

Angiogenesis was induced by implanting VEGF-A soaked nylaflo discs into the cornea of BALB/c mice. In contrast to the phosphate-buffered saline (PBS)-soaked control discs, VEGF-A induced vessel outgrowth from the limbus to the disc. Systemic administration of bevacizumab and TAvi6 significantly inhibited VEGF-A induced neoangiogenesis during the observation period from day 3 to day 7, whereas treatment with the anti-Ang-2 antibody LC06 was effective on days 5 and 7. Taken together, TAvi6 suppressed angiogenesis more efficiently than the monospecific treatments ([Fig. 2](#f0002){ref-type="fig"}, [Table 3](#t0003){ref-type="table"}). Figure 2.Corneal micropocket model. PBS and VEGF-A containing discs were implanted in the corneal pocket of mice and mice were treated with vehicle, LC06, bevacizumab and TAvi6 with 10 mg/kg i.v. on the day of disc implantation. Vessel area was quantified by calculating the area of new vessels as a fraction of the total area of the cornea. Table 3.Corneal angiogenesis model.  %Inhibitionpday3LC0636.40.177Bevacizumab71.70.017TAvi688.40.002day5LC0660.10.048Bevacizumab86.10.008TAvi690.50.003day7LC0680.70.013Bevacizumab89.40.006TAvi694.20.002[^2]

TAvi6 mediates strong anti-tumoral efficacy in different human xenograft models {#s0002-0003}
-------------------------------------------------------------------------------

The compounds were tested in 3 different xenograft models. [Table 4](#t0004){ref-type="table"} summarizes the data. In the Colo205 xenograft model, tumor growth inhibition (TGI) at the endpoint was 66% for bevacizumab (10 mg/kg, qwx7, p \< 0.001, TCR = 0.46, CI = 0.19−0.80); 47% for LC06 (10 mg/kg, qwx7, p = 0.032, TCR = 0.61, CI = 0.33−0.99); 78% for the combination of bevacizumab and LC06 (10 mg/kg, qwx7 for each antibody, p \< 0.001, TCR = 0.32, CI = 0.04−0.65) and 87% using a matched dose of TAvi6 (13.3 mg/kg, qwx7, p = 0.001, TCR = 0.28 CI = 0.02−0.59) ([Fig. 3A](#f0003){ref-type="fig"}). In this study, TAvi6 was compared to muTAvi, an analogous bispecific antibody containing the murine/human VEGF cross-reactive VEGF antibody B20-4.1 (13.3 mg/kg, qwx7)[@cit0030] and to Ang-2-VEGF-CM, a bispecific Ang-2-VEGF CrossMAb based on LC06 and bevacizumab, monovalent for its 2 targets at a matched dose (20 mg/kg, qwx7).[@cit0031] In this model, both antibodies showed anti-tumor efficacy comparable to that of TAvi6 and the combination of bevacizumab and LC06 with a TGI of 86% for muTAvi6 (TCR = 0.50, CI = −0.23−0.85) and a TGI of 93% for Ang-2-VEGF-CM (TCR = 0.20, CI = −0.07−0.49) (data not shown). Figure 3.(A) COLO205 cells were injected s.c. into female SCID beige mice and treatment was initiated at a tumor volume of 150 mm^3^. Mice (10 mice/group) were treated once weekly i.p. with the indicated doses. Omalizumab, a humanized anti-IgE antibody was used as a control. For calculation of the percentage tumor growth inhibition (TGI), every treated group was compared with its respective vehicle control. (B) KPL-4 cells were implanted orthotopically into the right penultimate inguinal mammary fat pad of female SCID beige mice. Treatment was initiated at a tumor volume of 80 mm^3^ and mice (n = 10) were treated once weekly i.p. with the indicated doses. (C) Calu-3 cells (5 × 106 in 100 µl) were injected s.c. into female BALB/c nude mice. Treatment was initiated at a tumor volume of 150 mm^3^. Mice were treated once weekly i.p. with the different compounds and doses as indicated. TGI for TAvi6 was 70% (p \< 0.001). Table 4.Anti-tumor efficacy in xenograft models. Tumor growth inhibition (TGI) and non-parametric Tumor-Control Ratio (TCR) with 95% Confidence Interval (CI) are shown. Colo205 TGI TCR, CIKPL-4 TGI (TCR, CI)Calu-3 TGI (TCR, CI)Bevacizumab66% TCR=0.46, CI=0.19--0.8079% TCR=0.22, CI=−0.10--0.6160% nTCR=0.38, CI=0.13--0.69LC0647% TCR=0.61, CI=0.33--0.9939% TCR=0.83 CI=0.46--1.4355% TCR=0.43, CI=0.18--0.76Bevacizumab + LC0678% TCR=0.32, CI=0.04--0.6590% TCR=0.12, CI=−0.23--0.5165% TCR=0.33, CI=0.08--0.64TAvi687% TCR=0.28 CI=0.02--0.5991% TCR=0.11, CI=−0.23--0.4770% TCR=0.25, CI=0.00--0.54muTAvi686% TCR=0.50, CI=−0.23--0.85not determinednot determinedAng-2-VEGF-CM93% TCR=0.20, CI=−0.07--0.49not determinednot determined

In the orthotopic KPL-4 xenograft model using the equivalent dose and schedule, TGI at the endpoint was 79% for bevacizumab (p = 0.004, TCR = 0.22, CI = −0.10--0.61); 39% for LC06 (not significant, TCR = 0.83 CI = 0.46--1.43); 90% for the combination (p = 0.003, TCR = 0.12, CI = −0.23--0.51) and 91% for TAvi6 (p = 0.002, TCR = 0.11, CI = −0.23--0.47) ([Fig. 3B](#f0003){ref-type="fig"}).

In the Calu-3 xenograft model using the equivalent dose and schedule, treatment with bevacizumab resulted in a TGI of 60% (p = 0.006, nTCR = 0.38, CI = 0.13--0.69), for LC06 the TGI was 55% (p = 0.007, TCR = 0.43, CI = 0.18−0.76), the combination mediated a TGI of 65% (p = 0.004, TCR = 0.33, CI = 0.08--0.64) and TAvi6 mediated a TGI of 70% (p \< 0.001, TCR = 0.25, CI = 0.00--0.54) ([Fig. 3C](#f0003){ref-type="fig"}).

In all studies the combination of bevacizumab with LC06 as well as TAvi6 were significantly different from the vehicle-treated control group, but there were no significant differences between the combination of both antibodies and TAvi6 treatment. While TAvi6 mediated the best anti-tumoral efficacy in all these studies, the confidence intervals overlapped with the respective single agent therapies.

TAvi6 inhibits growth of tumors refractory to treatment with bevacizumab {#s0002-0004}
------------------------------------------------------------------------

Established Colo205 xenografts were treated with 10 mg/kg bevacizumab intraperitoneally (i.p.) administered once weekly for 5 weeks. Thereafter, mice were randomized into 4 study groups based on tumor volume. Study groups were either treated once weekly (10 mice/group) with bevacizumab or LC06 or bevacizumab + LC06 or with TAvi6. Compared to bevacizumab maintenance treatment, LC06 suppressed tumor volume by 44% (p = 0.006), the combination of bevacizumab and LC06 45% (p = 0.005), and for TAvi6 the TGI was 60% (p=0.002) ([Fig. 4A](#f0004){ref-type="fig"}). The results demonstrate the predominant role of angiopoietin-2 under anti-VEGF-A treatment. We previously demonstrated in Colo205 tumors that anti-VEGF-A treatment leads to an upregulation of tumor-derived Ang-2 as a potential mechanism of resistance.[@cit0008] Histology of explanted tumors revealed massive destruction of tumor cells after TAvi6 treatment ([Fig. 4B](#f0004){ref-type="fig"}). Therefore, TAvi6 was able to suppress growth of tumors that had become refractory to first-line treatment with bevacizumab. Figure 4.(A) Established Colo205 xenografts were treated with bevacizumab (once weekly 10 mg/kg i.p.) for 5 weeks. Thereafter mice were randomized based on tumor volume and subsequently treated i.p. with the compounds once weekly (10 mice/group). Compared to bevacizumab, treatment with LC06 suppressed tumor volume by 44% (p = 0.006), combination of bevacizumab with LC06 by 45% (p = 0.005) and for TAvi6 TGI was 60% (p = 0.002). Histology of explanted tumors revealed massive destruction of tumor cells after TAvi6 treatment. (B) Histology of explanted Colo205 tumors revealed massive cell death after TAvi6 treatment indicating superior activity of the bispecific antibody compared to bevacizumab. (C) TAvi6 suppresses metastasis to the lung in the s.c. Colo205 CRC xenograft after first-line bevacizumab. At study termination (day 91) lungs were collected from animals of all groups. Samples were transferred immediately into liquid nitrogen. DNA was isolated with a MagNA Pure LC Instrument according to manufacturer\'s instructions. Human Alu specific primers were chosen for selective amplification of Alu sequences by quantitative PCR. Compared to bevacizumab all compounds suppressed metastasis to the lung significantly, for TAvi6 suppression was 66%.

TAvi6 suppresses tumor cell dissemination to the lung in the subcutaneous Colo205 CRC xenograft after first-line bevacizumab {#s0002-0005}
----------------------------------------------------------------------------------------------------------------------------

It was shown previously that targeting the Ang-2/Tie2 axis inhibits metastasis formation.[@cit0006] Therefore, we analyzed tumor cell dissemination to the lung in the first-line bevacizumab-treated mice. At termination of the Colo205 study (day 91), lungs were collected from animals of all groups for quantification of human DNA. Human Alu-specific primers were chosen for selective amplification of Alu sequences by quantitative PCR. Compared to the bevacizumab-treated group as well as LC06, bevacizumab + LC06, TAvi6 significantly suppressed the dissemination of tumor cells to the lung in a similar efficacy range (TAvi6 suppression was 66%) ([Fig. 4C](#f0004){ref-type="fig"}).

TAvi6 efficiently inhibits angiogenesis in the Calu-3 NSCLC xenograft model {#s0002-0006}
---------------------------------------------------------------------------

Mice bearing subcutaneous (s.c.) Calu-3 tumors were subsequently injected with 2 mg/kg fluorescence-labeled anti-CD31 i.v. on days 34 and 78 to image vessels. Fluorescence signal intensities were measured by planar reflectance imaging 24 hrs thereafter (MAESTRO; CRi) ([Fig. 5A](#f0005){ref-type="fig"}). In the omalizumab treatment group, the signal intensity became more prominent from day 35 to day 79, indicating the presence of more CD31-positive vessels in the tumor tissue, and thus permitting us to conclude that vessel formation has occurred. In contrast, treatment with the combination of bevacizumab plus LC06 or with TAvi6 significantly reduced fluorescence intensities in the region of interest. The relative changes of CD31 staining were assessed. Treatment groups exhibited no significant changes of labeled anti-CD31 signals in the first 2 weeks of treatment (yellow bars: day 35 to day 47). In contrast, fluorescence signal intensities declined in the combination and the TAvi6 treated groups of mice indicating that vessel formation was affected by these treatments (red bars: days 47 to 79) ([Fig. 5B](#f0005){ref-type="fig"}). After the last in vivo imaging (day 79), tumors were explanted for histological examination. Slides were evaluated by classical histology (HE) and multispectral fluorescence microscopy (NUANCE; CRi). Compared to the omalizumab group, a high number of dead tumor cells in the TAvi6 treated mice was detected (95% vs 50%). Based on fluorescence microscopy, vessel sizes and vessel densities were quantified manually in 3 tumors from each group and 4 slides from each tumor were analyzed. Compared to omalizumab, all treatments suppressed vessel densities significantly (bevacizumab p = 0.029; bevacizumab+LC06 p = 0.001) and TAvi6 exerted the most prominent effect (75% inhibition, p = 0.001) ([Fig. 5C](#f0005){ref-type="fig"}), but there was no significant difference between TAvi6 and bevacizumab+LC06. Figure 5.(A) Mice were injected with 2 mg/kg fluorescence labeled anti-CD31 i.v. on days 34 and 78. Fluorescence signal intensities were measured by planar reflectance imaging 24 hours thereafter (MAESTRO; PerkinElmer). In the omalizumab control treatment group the signal intensity became more prominent over time indicating more CD31 positive vessels in the tumor tissue. In contrast, treatment with combo (bevacizumab plus LC06) or TAvi6 reduced fluorescence intensities in the region of interest. (B) Relative change of CD31 staining. Treatment groups exhibited no significant changes of labeled anti-CD31 signals in the first 2 weeks of treatment (yellow bars: day 35 to day 47). In contrast, fluorescence signal intensities declined in mice treated with the combination and TAvi6 treated mice indicating that vessel formation is affected by these treatments (red bars: day 47 to day 79). (C) Microvessel density was quantified manually in 3 tumors from each group and 4 slides from each tumor were analyzed. Compared to omalizumab as a control all treatments suppressed vessel densities significantly and TAvi6 exerted the most prominent effect (75% inhibition).

Discussion {#s0003}
==========

In this study, we describe the generation and therapeutic efficacy of a novel tetravalent IgG-like bispecific antibody targeting VEGF-A and Ang-2 simultaneously. This TAvi6 bispecific antibody of the IgG1 isotype showed IgG-like pharmacokinetic properties and stability and can be produced using standard processes in a CHO cell line with yields \> 1 g/L. TAvi6 significantly blocked human VEGF-A stimulated angiogenesis in mouse cornea micropocket assay more efficiently than single treatment with anti-Ang2 or bevacizumab. Significant anti-tumoral efficacy by weekly injection of TAvi6 was demonstrated in 3 different xenograft models (Colo205, KPL-4 and Calu-3). No clinical signs of toxicity such as weight loss or behavioral changes were observed during these efficacy studies. When interpreting these data it has to be kept in mind that, whereas in xenograft models the anti-Ang-2 LC06 variable region blocks primarily host-derived endothelial murine Ang-2, the anti-VEGF bevacizumab variable region only blocks tumor cell-derived human VEGF. In order to model the mechanism of action closest to the human situation, use of a murine/human VEGF cross-reactive antibody in TAvi6 is required.

We compared TAvi6 with muTAvi6, an analogous bispecific antibody that also recognizes muVEGF, but did not observe enhanced anti-tumoral efficacy in the Colo205 model, indicating that angiogenesis in this model is largely driven by human VEGF secreted by the tumor cells.[@cit0008] Nevertheless, it can be assumed that the anti-tumoral and anti-angiogenic action on TAvi6 in xenograft models is not fully reflected due to its lack of recognition of muVEGF. We also compared TAvi6 to Ang-2-VEGF-CM, a bispecific Ang-2-VEGF CrossMAb based on LC06 and bevacizumab, monovalent for its 2 targets at a matched dose, and did not observe major differences in their anti-tumoral efficacy, indicating that bivalency for VEGF and/or Ang-2 did not result in superior activity in the Colo205 model.

Tumors can escape anti-angiogenic treatment due to the up-regulation of additional angiogenic signaling pathways, for example, by upregulation of Ang-2.[@cit0006] Evaluation of second-line therapy with TAvi6 revealed that the bispecific antibody was able to suppress tumor growth in the Colo205 xenograft, which had progressed after pre-treatment with bevacizumab. This indicates that upregulation of Ang-2 may be a candidate among others for a mechanism leading to acquired resistance to bevacizumab.[@cit0032] Sustained treatment with VEGF-Trap results in constitutive VEGFR activation,[@cit0033] and TAvi6 may also be superior to other treatment options.[@cit0034] It was recently shown that inhibition of VEGF alone can have detrimental effects. Despite effective elimination of tumor blood vessels, tumors not only started to re-expand and the treatment may even have promoted metastasis formation.[@cit0021]

Compared to maintenance treatment with bevacizumab, the appearance of metastases in the lung was significantly suppressed by second-line treatment with LC06, by treatment with the combination of bevacizumab with LC06, and with TAvi6. These results demonstrating that TAvi6 significantly suppressed primary tumor growth and the formation of metastases are in line with recent findings on the role of Ang-2 in the metastasis process,[@cit0036] and may be of importance for the clinical situation.

Histology of explanted tumors revealed strong tumor cell death after TAvi6 treatment, and only a rim of proliferating tumor cells was left, indicating superior activity of the bispecific antibody compared to bevacizumab as single treatment. In correlation with the anti-angiogenic property of TAvi6 in the mouse cornea pocket model, angiogenesis was also inhibited in vivo. Fluorescence-labeled anti-murine CD31 was applied to monitor angiogenesis at different time points during therapy. Planar reflectance optical imaging measurements revealed prominent suppression of the fluorescence signal intensities in the tumor area compared to omalizumab as a control and treatment with LC06 and bevacizumab. Ex vivo analysis of the explanted tumor tissue by classical histology and multispectral fluorescence imaging of tissue slides confirmed these findings. There was an almost complete shut-down of vessels in the TAvi6-treated mice and microvessel density was significantly suppressed.

In summary, we describe a novel bispecific antibody targeting both Ang2 and VEGF with IgG-like properties that potently inhibited angiogenesis, suppressed tumor growth in different xenograft models comparable to the combination of the respective parental antibodies, was effective after second-line therapy with bevacizumab, and which effectively suppressed formation of metastases. Given its favorable biophysical properties and activity in preclinical models, TAvi6 has the potential to be developed as a therapeutic agent, but it ultimately was not selected for further development due to the overall superior properties and activity of vanucizumab (data not shown).

Material and methods {#s0004}
====================

Antibody generation {#s0004-0001}
-------------------

TAvi6 (= 2441-TvAb-Avastin-LC06) is a tetravalent bispecific, humanized IgG1 antibody targeting VEGF-A and angiopoietin 2. The molecule composition is based upon the tetravalent \'Morrison format\' with single-chain Fv modules added to the C-termini of the heavy chains of full-length IgGs using a (G4S)4 connector.[@cit0024] The IgG1 part is identical to bevacizumab. Targeting Ang-2 was realized by fusing the disulfide-stabilized (VH-44 to VL-100) variable domains of the LC06 antibody[@cit0017] as scFvs using a (G4S)4 linker to the C-terminus of bevacizumab. The bispecific antibody contains stabilizing interchains in these scFv modules (VH44-VL100)[@cit0025] to stabilize the scFv modules and prevent aggregation.[@cit0027] Two molecules were generated for comparative purposes: 1) bispecific tetravalent antibody based on the human/murine VEGF cross-reactive antibody B20-4.1 termed muTAvi6,[@cit0030] and 2) bispecific monovalent Ang-2-VEGF CrossMAb with CH1-CL crossover based on LC06 and bevacizumab termed Ang-2-VEGF-CM.[@cit0031]

Cloning and expression of TAvi6 {#s0004-0002}
-------------------------------

### Transient transfections in HEK293-F system {#s0004-0002-0001}

Antibodies were generated by transient transfection of the 2 plasmids encoding the heavy or modified heavy chain, respectively, and the corresponding light chain using the HEK293-F system (Invitrogen) according to the manufacturer\'s instruction. According to the glucose consumption, glucose solution was added during the course of the fermentation. The supernatant containing the secreted antibody was harvested after 5--10 days and antibodies were purified from the supernatant.

Protein purification {#s0004-0003}
--------------------

Proteins were purified from filtered cell culture supernatants referring to standard protocols. In brief, antibodies were applied to a Protein A Sepharose column (GE Healthcare) and washed with PBS. Elution of antibodies was achieved at acidic pH followed by immediate neutralization of the sample. Aggregated protein was separated from monomeric antibodies by size-exclusion chromatography (Superdex 200, GE Healthcare) in 20 mM histidine, 140 mM NaCl pH 6.0. Monomeric antibody fractions were pooled, concentrated, and stored at −80°C. Part of the samples were provided for subsequent protein analytics and analytical characterization, e.g., by SDS-PAGE, size-exclusion chromatography, mass spectrometry and endotoxin determination.

SDS-PAGE {#s0004-0004}
--------

The NuPAGE® Pre-Cast gel system (Invitrogen) was used according to the manufacturer\'s instruction. In particular, 4-20% NuPAGE® Novex® TRIS-Glycine Pre-Cast gels and a Novex® TRIS-Glycine SDS running buffer were used under reducing conditions.

Analytical size-exclusion chromatography {#s0004-0005}
----------------------------------------

Size-exclusion chromatography for the assessment of the aggregation and oligomeric state was performed by high performance liquid chromatography (HPLC) using a Tosoh TSKgel G3000SW column in 300 mM NaCl, 50 mM KH~2~PO~4~/K~2~HPO~4~, pH 7.5 or a Superdex 200 column (GE Healthcare) in 2 × PBS. The eluted protein was quantified by UV absorbance and integration of peak areas.

Dynamic light scattering {#s0004-0006}
------------------------

Samples were prepared at 1 mg/mL in 20 mM histidine chloride, 140 mM NaCl, pH 6.0. Samples were filtered through a 0.4 µm filter, overlaid with paraffin oil and heated in a DynaPro plate reader (Wyatt Inc., Santa Barbara/USA) from 25 to 80°C at a rate of 0.02°C/minute. The aggregation onset temperature (Tagg) was defined as the temperature at which the average hydrodynamic radius begins to increase.

Generation and selection of TAvi6 expressing CHO cell lines {#s0004-0007}
-----------------------------------------------------------

CHO K1-SV cells were transfected by electroporation (Biorad) with linearized plasmid DNA expressing both bispecific antibody chains. Cell were cultivated for 48 h in CD-CHO medium (Invitrogen) supplemented with GS Supplement (Gibco), [L]{.smallcaps}-glutathione (Sigma Aldrich), and Ac-Cys-OH (Bachem) Two days after transfection cells were seeded into 384-well plates and cultivated for 2 weeks in CD-CHO medium supplemented with 75 µM MSX to select stably transfected cells. Wells containing stably transfected cells were identified by a high-throughput ELISA screening detecting the Fc part of the bispecific antibody. Parental clones expressing high levels of bispecific antibody were expanded into shake flasks and further analyzed in batch and fed-batch cultivation mode. Parental clone TAvi6_477 was selected for production of bispecific antibody in 20 L and 100 L fermenters.

Ang-2 and VEGF binding kinetics {#s0004-0008}
-------------------------------

Binding kinetics was analyzed by SPR technology using a Biacore T100 instrument (GE Healthcare). Goat anti-human Fc IgG (Jackson ImmunoResearch) was immobilized on the surface of a CM4 (for Ang-2 binding) or a C1 (for VEGF binding) sensor chip using standard amine-coupling chemistry resulting a surface density of ∼ 500 RU (CM4) and 200 RU (C1). A reference flow cell was treated in the same way. The antibodies were diluted in running buffer (10 mM HEPES, 150 mM NaCl, 0.05% PS 20 containing 1 mg/ml bovine serum albumin) and injected at a flow rate of 5 µl/min. The contact time (association phase) was 1 min for the antibodies at a concentration of 10 nM. Ang-2 or VEGF were injected at increasing concentrations. The contact time (association phase) was 3 min, the dissociation time (washing with running buffer) 5 min for both molecules at a flowrate of 30 µl/min. All interactions were performed at 25°C (standard temperature). The regeneration solutions of 0.85% phosphoric acid, followed by 5 mM sodium hydroxide were injected for 60 s at 5 µl/min flow rate to remove any non-covalently bound protein after each binding cycle. The derived curves were fitted to a 1:1 Langmuir binding model using the BIAevaluation software (GE Healthcare).

Simultaneous, independent binding was confirmed by SPR. A goat anti-human Fc antibody (Jackson ImmunoResearch) was immobilized on a C1 Sensorchip using standard amine coupling chemistry. In a first step, the bivalent antibody was injected at a concentration of 5 nM in HBS buffer. After binding of the antibody, either hAng-2 or VEGF was injected followed by a second injection of VEGF or hAng-2. Additionally, each antigen was injected alone. HBS buffer (10 mM HEPES, 150 mM NaCl, 0.05% Tween 20, pH 7.4) was used as running and dilution buffer at a temperature of 25°C.

Phospho-Tie2 assay {#s0004-0009}
------------------

HEK293 (German Collection of Microorganisms and Cell Lines, DSMZ, Braunschweig) suspension cells overexpressing the angiopoietin-2 receptorTie-2 were added as 2 × 10^5^ cells/well to the pre-incubated mixture of dilution series of the bispecific antibody and 120 ng/well Ang-2 (R&D Systems). After 10 minutes at room temperature (RT), the cells were lysed and incubated at 2 -- 8°C for 15 min. The cell lysate was transferred to an ELISA plate. The ELISA plates (Maxisorb, Nunc) were pre-coated with antibody against human Tie-2 receptor (R&D Systems) used as a capture antibody. The phosphorylated tyrosines were detected by anti-phosphotyrosine antibody conjugated to biotin (Upstate) through a streptavidin-HRP conjugate (Roche Applied Science). The peroxidase substrate TMB (Roche Applied Science) was added and the optical density was measured at 450 nm. The O.D. values correlated with the amount of phosphorylated Tie-2 and were plotted against the TAvi6 concentrations. The XLfit program was used to fit a 4-parameter curve.

Ang2-Tie2 interaction ELISA {#s0004-0010}
---------------------------

The ELISA test for inhibition of huAngiopoietin-2/1 binding to Tie-2 was performed on 384-well microtiter plates (MicroCoat) at RT. After each incubation step plates were washed 3 times with PBST. At the beginning, plates were coated with 0.5 µg/ml Tie-2 protein (R&D Systems) for at least 2 h. Thereafter the wells were blocked with PBS supplemented with 0.2% Tween-20 and 2% BSA for 1 h. Dilutions of purified antibodies in PBS were incubated together with 0.2 µg/ml huAng-2 (R&D Systems) or with 0.2 µg/ml huAng-1 (R&D Systems) for 1 h at RT. After washing a mixture of 0.5 µg/ml biotinylated anti-Angiopoietin clone BAM0981 (R&D Systems) and 1:3000 diluted streptavidin HRP (Roche Diagnostics) was added for 1 h. Thereafter the plates were washed 6 times with PBST. Plates were developed with freshly prepared ABTS reagent for 30 minutes at RT. Absorbance was measured at 405 nm.

Ang2-Tie2 inhibition FACS {#s0004-0011}
-------------------------

Tavi6 antibodies at different concentrations were pre-incubated with recombinant human Ang-2 (R&D Systems) at 1.25 µg/mL for 15 min (RT) before adding the mixture to 3×10^5^ HEK293-Tie2 cells in a total volume of 120 µl. After 2 h incubation on ice, cells were washed twice with cold PBS/2% fetal calf serum (FCS) and then incubated for another 45 min with biotinylated anti-human Ang2 (R&D Systems) at 5 µg/mL, followed by 2 washes and a third incubation with PE-coupled streptavidin (Life Technologies) for 45 min on ice. Subsequently, cells were washed twice, re-suspended in FACS buffer and Ang-2 binding quantified on a FACS-Canto flow cytometer (Becton Dickinson).

VEGF induced HUVEC proliferation assay {#s0004-0012}
--------------------------------------

VEGF-induced human umbilical vein endothelial cells (HUVEC; Promocell) proliferation was chosen to measure the cellular activity of the different antibodies. Briefly, 5000 HUVEC cells (low passage number, ≤5 passages) per well of a 96-well plate were incubated in 100 µl starvation medium (EBM-2 endothelial basal medium 2, Promocell) in a collagen I-coated BD Biocoat CollagenI 96-well microtiter plate (BD) overnight. Varying concentrations of antibody were mixed with hVEGF (30 ng/ml, BD) and pre-incubated for 15 minutes at RT. Subsequently, the mix was added to the HUVEC cells and they were incubated for 72 h. On the day of analysis the plate was equilibrated to RT for 30 min and cell viability/proliferation was determined using the CellTiter-Glo Luminescent Cell Viability Assay kit according to the manual (Promega). Luminescence was determined in a spectrophotometer.

Inhibition of huVEGF binding to huVEGF receptor {#s0004-0013}
-----------------------------------------------

The ELISA test was performed on 384-well microtiter plates (MicroCoat) at RT. After each incubation step, plates were washed 3 times with PBST. At the beginning, plates were coated with 0.5 µg/ml huVEGF-R protein (R&D Systems) for at least 2 h. Thereafter the wells were blocked with PBS supplemented with 0.2% Tween-20 and 2% BSA for 1 h. Dilutions of purified antibodies in PBS were incubated together with 0.15 µg/ml huVEGF121 (R&D Systems) for 1 h at RT. After washing a mixture of 0.5 µg/ml anti-VEGF clone Mab923 (R&D Systems) and 1:2000 HRP-conjugated F(ab′)2 anti-mouse IgG (GE Healthcare) was added for 1 h. Thereafter the plates were washed 6 times with PBST. Plates were developed with freshly prepared ABTS reagent for 30 minutes at RT. Absorbance was measured at 405 nm.

Corneal micropocket model {#s0004-0014}
-------------------------

The protocol was modified according to the method described by Rogers et al.[@cit0039] Briefly, micropockets were prepared under a microscope at ˜ 1 mm from the limbus to the top of the cornea using a surgical blade and sharp tweezers in the anesthetized mouse. The disc (Nylaflo®, Pall Corporation) was implanted and the surface of the implantation area was smoothened. Discs were incubated in VEGF-A or in vehicle for at least 30 min. After 5 days, eyes were photographed and vascular response was measured. The assay was quantified by expressing the area of new vessels as a fraction of the total area of the cornea. LC06, bevacizumab and TAvi6 were injected with 10 mg/kg i.v. at the day of disc implantation. The experimental study protocol was reviewed and approved by the Bavarian government (approval number AZ 55.2-1-54-2531.2-34-08).

Cell lines and cell culture {#s0004-0015}
---------------------------

Colo205 human colorectal cancer cells were obtained from ATCC and cultured in RPMI 1640 containing 10% FCS, 2 mM [L]{.smallcaps}glutamine. The human breast cancer cell line KPL-4 (Prof. J. Kurebayashi, Kawasaki Medical School, Kurashiki, Japan) was routinely cultured in DMEM supplemented with 10% FCS and 2 mM [L]{.smallcaps}-glutamine.[@cit0040] The NSCLC tumor cells Calu-3 were obtained from Chugai Pharmaceuticals Co., Ltd. and cultured. Cell viability was assessed using a cell counter and analyzer system (Vi-CELL, Beckman Coulter) and viability was ca. 95%.

Tumor xenografts {#s0004-0016}
----------------

To initiate tumor xenografts, Colo205 cells (2.5 × 10e6 cells/100 µl PBS) were injected s.c. into the right flank of female SCID beige mice (Charles River Germany). KPL-4 cells (3 × 10e6/20 µl PBS) were implanted orthotopically into the right penultimate inguinal mammary fat pad of female SCID beige mice. Calu-3 cells (5 × 10e6/PBS) were injected s.c. into BALB/c nu/nu female mice (Charles River Germany). Tumor cells were injected into anesthetized mice and tumors were allowed to establish growth after implantation before initiation of treatment. Body weight of mice and tumor volume were monitored twice weekly and the formula to calculate tumor volume used is an approximation for the calculation of elliptical shaped tumors. It comprises the length L (longest dimension) and width W (shorter dimension) of the tumors \[(V = 0.5× L× (W^2^)\]. All experimental study protocols were reviewed and approved by local government (AZ 55.2-1-54-2531.2-26-09 and AZ 55.2-1-54-2531.2-3-08). Mice were handled according to committee guidelines (GV-Solas; Felasa; TierschG) and the animal facility has been accredited by AALAAC.

Treatment of animals {#s0004-0017}
--------------------

Treatment started at day of randomization. Mice were treated once weekly i.p. with equimolar doses as indicated in the Figure legends. Omalizumab, a humanized IgG1 antibody targeting human IgE served as a specificity control. After sacrificing the animals, tumors were explanted and transferred into an embedding cassette for histological analysis or flash frozen in liquid nitrogen for PCR applications.

Near-infrared optical imaging {#s0004-0018}
-----------------------------

An anti-mouse CD31 monoclonal antibody (ACRIS Antibodies) was labeled with the fluorescent dye Alexa610 (Invitrogen) according to the manufacturer\'s instructions. After the coupling procedure, antibody was purified from free dye by HPLC (purity \>95%) and the labeling ratio was quantified (Alexa/antibody 1.7:1). Mice were injected i.v. with a single 50-μg dose of the fluorescence labeled antibody at day 34 and day 78. Near infrared planar reflectance imaging measurements were performed 24 hrs thereafter using the MAESTRO Imaging System (PerkinElmer) equipped with an inhalation mask for anesthesia. Fluorescence signal intensities in the region of interest were quantified by the MAESTRO software according to the manufacturer\'s instructions.

Histology und fluorescence microscopy {#s0004-0019}
-------------------------------------

Explanted tumors were enclosed in an embedding cassette and were incubated under continuous agitation in formalin for ∼ 24 hours. Thereafter, formalin was discarded and tumors washed with distilled water followed by dehydration of the tumors and penetration of paraffin according to established methods. All the incubation steps were carried out using the Tissue Tek® VIP Vacuum Infiltration Processor. After paraffin penetration, tumors were embedded in liquid paraffin with the Tissue Tek® Paraffin embedding station to a final histological block. Paraffin sections in a range of 2 -- 8 μm of thickness were obtained from these blocks using a microtome. Slides were examined by classical microscopy (HE) and multispectral fluorescence microscopy with the NUANCE system (CRi). Based on fluorescence microscopy vessels were quantified manually in 3 tumors from each group and 4 slides from each tumor were analyzed.

Assessment of disseminated tumor cells by quantification of human DNA (Alu-PCR) {#s0004-0020}
-------------------------------------------------------------------------------

After termination of the experiments mice were sacrificed by cervical dislocation, lungs were excised and put immediately in liquid nitrogen. Quantitative assessment of disseminated tumor cells was achieved by using human-specific Alu repeats detecting human tumor DNA. Genomic DNA from the lungs of mice was isolated using the High Pure PCR Template Preparation kit (Roche Diagnostics GmbH) and quantified using the PicoGreen Quantification kit (Molecular Probes) according to the manufacturer\'s instructions. Primers for human Alu repeats were synthesized by TIB MOLBIOL GmbH and quantitative PCR (qPCR) was performed using the Light-Cycler System (Roche Diagnostics GmbH), as previously described.[@cit0041] Results are displayed as pg human DNA per 2.5 ng total DNA.

Statistical analysis {#s0004-0021}
--------------------

Results of corneal angiogenesis assay and xenograft experiments were expressed as mean±SEM. Differences between experimental groups were analyzed by unpaired Student\'s t-test and p values \< 0.05 were considered statistically significant. Tumor growth inhibition was assessed by the formula:$$TGI\,\left\lbrack \% \right\rbrack = 100 - \frac{median(TV\left( {treated} \right)_{day\, z} - TV\left( {treated} \right)_{day\, x})}{median(TV\left( {resp.\, control} \right)_{day\, z} - TV\left( {resp.\, control} \right)_{day\, x})} \times 100.$$

In a randomized 2-sample design, the parametric tumor-control ratio (TCR) and its 2-sided non-parametric 95% confidence interval were calculated using the following formula along with Fieller\'s CI for ratios.[@cit0042]$$TCR = \frac{{\overline{V}}_{treated}}{{\overline{V}}_{control}}$$
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[^1]: (\*low sensitivity assay).

[^2]: Micropockets were prepared at ˜1 mm from the limbus to the top of the cornea in the anesthetized mice. The disc were implanted and incubated with the corresponding growth factor or with vehicle for at least 30 min. After 5 days, eyes were photographed and vascular response was measured. The assay was quantified by calculating the area of new vessels as a fraction of the total area of the cornea. Results were expressed as mean±SEM. Differences between experimental groups were analyzed by unpaired Student\'s t-test. P values \< 0.05 were considered statistically significant.
